Standard methods for case-control association studies of rare variation often treat disease outcome as a 10 dichotomous phenotype. However, both theoretical and experimental studies have demonstrated that subjects 11 with a family history of disease can be enriched for risk variation relative to subjects without such history. 12 Assuming family history information is available, this observation motivates the idea of replacing the standard 13 dichotomous outcome variable used in case-control studies with a more informative ordinal outcome variable 14 that distinguishes controls (0), sporadic cases (1), and cases with a family history (2), with the expectation 15 that we should observe increasing number of risk variants with increasing category of the ordinal variable. To 16 leverage this expectation, we propose a novel rare-variant association test that incorporates family history 17 information based on our previous GAMuT framework (Broadaway et al., 2016) for rare-variant association 18 testing of multivariate phenotypes. We use simulated data to show that, when family history information is 19 available, our new method outperforms standard rare-variant association methods like burden and SKAT 20 tests that ignore family history. We further illustrate our method using a rare-variant study of cleft lip and 21 palate. 22 3 23 Sequencing and exome-chip technologies facilitate the discovery of rare genetic variation influencing complex 24 diseases. Many rare-variant association studies of complex diseases now exist with most studies employing 25 traditional case-control sampling designs for analysis (De Rubeis et al., 2014; Sanders et al., 2017). Under 26 such a design, studies typically test whether patterns of rare variation within a gene or region of interest 27 differ between affected and unaffected subjects using either burden (Li and Leal, 2008) or variance-component 28 (Wu et al., 2011) approaches based on an underlying logistic-regression framework that treats disease status 29
Introduction
Under the null hypothesis where the two matrices are independent, T GAM uT follows the asymptotic distribution 120 as the weighted sum of independent and identically distributed χ 2 (1) variables (Broadaway et al., 2016) . We 121 then use Davies' method (Davies, 1980) proportional to its MAF, which implies that very rare variants will have a larger effect size.
133
For the ordinal phenotype, the proband's probability of disease depended on the sequence data and the disease 134 prevalence, which we varied as 0.01, or 0.05, while the family members' probability of disease depended on 135 the sequence data and the conditional recurrence risk ratio (λ = 2, 4, 8) (Epstein et al., 2015) . If the proband 136 was unaffected, we defined the person as a control. If the proband was affected and none of the parents were 137 affected, we defined the person as a case without family history. Finally, if the proband was affected and at 138 least of the parents was affected, we defined the person as a case with family history.
139
For each simulated dataset, we generated an equal number of controls, cases without family history, and cases 140 with family history. We varied this number among N = 400, 750, 1000, 1500. For each simulated dataset, we 141 applied our ordinal GAMuT method that modeled cases with and without family history separately. We also 142 applied standard burden and SKAT tests that combined all cases together without regards to family history 143 information. For each method, we weighted rare variants using the weighting scheme recommended by Wu subjects per group. First, we note that we observe an increased number of causal variants in cases with family 188 history compared to controls (see Supplementary Materials). Our method (ordinal GAMuT) outperformed 189 the burden test (Li and Leal, 2008) and SKAT (Wu et al., 2011) , with power increasing as sample size, 190 recurrence risk, and effect size increased. Our method is more powerful given that other methods merge two 191 clearly distinct groups: cases with and without family history, and thus, they cannot exploit the information 192 present in the enrichment of causal variants in the cases with family history. Our ordinal approach models 193 reality better by explicitly separating these two groups that have distinct genetic characteristics. with Bystro (Kotlar et al., 2018) . We filtered rare variants with MAF [0.001, 0.05], and filtered genes to 199 having minimum 4 rare variants, which resulted in 5,137 gene tests. We tested the association between 200 the 5,137 genes and CL or CL/P status, adjusting for principal components for population structure. We 201 compared our results (ordinal GAMuT) with the burden test and SKAT approach. Neither of the methods 202 show any p-value inflation (Fig. 3) . None of the methods identified any genes significantly associated with CL/P. However, ordinal GAMuT 204 identified one gene (GRHL2) on chromosome 8 that passes the suggestive significance threshold (Fig. 4 ).
Enrichment of Causal Variants
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In Figure 5 , we show that, as expected, the average number of causal rare variants is greater for the cases 261 with family history, followed by cases without family history, and lastly for controls. This simulated dataset 262 comprises of 1000 controls, 1000 cases without family history, and 1000 cases with family history for three 
